sample was varied over a total range of 2-200 mJ/pulse by (1) control of the voltage supplied to the fiash pump and (2) insertion of an attenuator and a variable aperture in the beam path. The illuminated area on the sample was typically a 0.22 cm 2 circular spot. Prior to each experimental trial, a power meter was used to calibrate the Iaser intensities with respect to the flash pump voltage. The power meter was inserted at the point shown in Fig. 1 . The Iaser intensities reported in this work are derived from the steady-state power measurements, the aperture diameter, the pulse rate, and a nominal 5 ns pulse width.
The detection system, also shown in Fig. 1 , is based on a single-mode, cw, solid-state Iaser with 200 m W of cw output at a wavelength of 532 nm, and a beam diameter of 0. 7 mm. The Iaser output is directed to the sample through polarizing beam splitters. The Doppler-shifted light scattered from the sample is collected by a series of optical components which direct the light into the CFP. Previously [3] the CFP was operated in a transmission mode, z. e. the ultrasonic signal was derived from light transmitted through the CFP. In the current configuration the ultrasonic output is obtained by collecting the light refiected by the CFP etalon. This alters the frequency response from a 0.5-2 MHz bandpass characteristic to a highpass characteristic with a lower half-power point near 0.5 MHz [4, 5, 6] . Figure 2 shows three low-intensity waveforms with well-resolved features. Each waveform was recorded by a digitizing oscilloscope which captured and averaged 16 successive traces generated at fixed laser intensity I. At the low intensities used for generating these waveforms the generation process is thermoelastic (TE), i.e. the source of the ultrasonic wave is local thermal expansion at the site of the laser power absorption. Other generation mechanisms occur at higher source intensities, as shown in Fig. 3 . This figure shows a series of waveforms taken at increasing source intensity. A second peak, which reaches a first maximum about 0.1 Jl,S later than the TE waveform, is clearly resolved. The first echo of this second peak is also well resolved. The second peak is generated when the incident Iaser intensity is high enough to vaporize surface material. For brevity it is referred to as an ablatic (AB) waveform.
........ The AB waveform first occurs at Iaser intensities at which the glow of hot ablation fragments could be observed (through appropriate eye protection). Quantitative photoelectric measurements of this glow were made with the photodetector labeled "Ablation Detector" in Fig. 1 . To minimize any stray signal from the generation beam a blue-green optical filter was placed in front of the detector, and the detector was oriented to collect light arriving perpendicular to the beam. The method of optical detection demonstrated here for generation in the infrared, and previously [3] for generation with visible Iaser radiation, could also be used in an industrial setting to monitor (and avoid) undesired ablation during laser-based ultrasonic testing.
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Figure 3: Ultrasonic waveforms generated at t = 0 by a pulsed laser incident on the 2.9 mm Graphite/PEEK sample with average intensity I, and detected optically on the opposite surface. The arrows mark the intensity at which ablation was first optically observed. A delayed longitudinal pulse and a transverse pulse emerge with increasing I. The ultrasonic waveforms in Fig. 3 were further analyzed by plotting the magnitude of the first TE and AB maxima as functions of source intensity I. Note that the TE maxima are clearly resolved at low I but are masked by the AB signal at high I, and the AB maximaarenot resolved at low I where there is strong overlap with the TE signal. Both maxima, when observable, occur at well-defined times, so unresolved amplitudes were obtained by simply (and arbitrarily) taking the magnitude of the signal at the corresponding time. These amplitudes (TE-2 and AB-2) are shown in Fig. 6 , together with an additional data set (TE-l) taken in a separate run. The TE amplitudes are accurately proportional to the source intensity for low I. Linear Ieast-square fits to the low-I data have intercepts which differ from zero by less than 5% of the average amplitude. (The detection sensitivity was slightly different for the TE-l data set. The TE-l data in the figure have been rescaled so ,...... 
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Figure 7: Amplitudes C and D ofthe TE and AB waves, as determined by Ieast-squares fits to the data. The straight line proportional to I was fit t hrough the low-/ TE points.
The smooth curved line is proportional to P(I) , the empirical function representing t he photodetected ablation-plume. The strong correlation between the AB and plume data provides evidence that ablation is the source of the AB wave.
that their average slope is the same as the slope of the TE-2 data.) The amplitude of the ablatic waveform increases strongly above a threshold near 60 MW /cm~. The smooth curve, which is proportional to P(I) , shows close correlation between the growth of the ablatic signal and the photodetected ablation plume.
The data were analyzed by a second method to better resolve t he amplitudes of the TE and AB components. The waveforms at each intensity y(t) were assumed to be superpositions of a thermoelastic signal C f(t) and an ablatic signal Dg(t), with the amplitudes C and D dependent on I . The waveforms f(t) and g(t) are arbitrarily assigned unit amplitude at their first maxima near t = 1 p,s. A scaled average of five low-I waveforms similar to those in Fig. 2 
was used for f(t). lt is less clear what
method should be used to define the ablatic waveform. The following procedure is plausible. A few moderate-/ waveforms with clear TE peaks were averaged to get a signal y(t). Then an appropriate multiple of f(t) was subtracted from y(t) to get a waveform with zero amplitude at the first TE peak. The result was then scaled to obtain an ablatic basis function g(t). The function Cf(t) + Dg(t) was then fit to each of the waveforms y(t) to obtain the set of coefficients C(I) and D(I) plotted in Fig. 7 .
The results are generally similar to those in Fig. 6 , except that this method of analysis shows more clearly that the amplitude D of the ablatic wave has a well-defined threshold Iab· For intensities below Iab the coefficient D is zero within t he scatter. It increases rapidly above the threshold. The amplitude C of the thermoelastic component increases approximately linearly with I below the threshold and appears to fall below a linear extrapolation C = a.I at high intensities. This may indicate interference between t he two generation mechanisms.
The AB components of the waveforms are displayed separately in Fig. 8 . and its first echo are clearly resolved, and a transverse peak is also visible. The longitudinal peak has a well-defined width in both the direct signal and first echo. This width is much larger (~ 100 ns) than the width of the TE peak shown in Fig. 2 (~ 35 ns). Although the photodetected plume signal in Fig. 4 has not been analyzed in detail, the raw data indicate time scale on the order of 1 JlS for the ablation process. lt is plausible that the ablative generation process, in comparison with the thermoelastic process, occurs on a Ionger time scale, and that the generated waveform reaches ma.ximum amplitude at a later time as a consequence.
The directivity of Iaser-generated ultrasound in graphite/ polymer composites has not yet been investigated in detail. However, a preliminary experiment suggests an explanation of the inconsistent AB amplitudes observed in repeated measurements in previous work [3] . The new measurements indicate that this may be due to the dependence of the mixture of TE and AB components on the detection site. A series of waveforms recorded as the detection position was varied along a line through epicenter is shown in Fig. 9 . The data clearly show that the strength of the longitudinal and transverse components of the ablatic wave depend on position. The directivity of these components will be studied in future research.
CONCLUSION
The conversion of the CFP-based detection system from a transmission to a refiection configuration, in addition to improvements in the photodetector/amplifier system, have greatly improved t he frequency response of the syst em. This has allowed better resolution of the thermoelastic and ablatic waveforms created while Operating the Iaser generation system in the ablation regime. Analysis shows the ablatic wave is created concurrently with ablation, and close to the same time as the thermoelastic wave, yet possesses a Ionger pulse width.
,..-.._ ~r-------~~---------------r----------~~-------- t (Jls) Figure 9 : The ablatic wave's dependence on directivity. Combined waveforms were captured at different detection points to illustrate that the TE and AB waves have different directivity dependences.
Improved measurements of ultrasonic waveforms generated by a pulsed Iaser have been interpreted as the superposition of thermoelastic and ablatic signals. The amplitudes and waveforms of these components have been investigated as functions of generating Iaser intensity I. The TE amplitude increases linearly with I below the ablation threshold. The ablatic amplitude is zero within experimental error below the threshold, and increases rapidly above the threshold. The AB waveform is broader than the TE waveform, and reaches its maximum later, as expected if the ablatic generation process occurs on a slower time scale, as suggested by the results direct photoelectric detection of the ablation plume.
